The tumor suppressor gene p53 encodes a nuclear phosphoprotein which is critical for cell cycle control and prevention of uncontrolled cell proliferation that can lead to cancer. Previous studies have shown that cells respond to DNA damage by increasing their levels of p53, which then acts to prevent replication of damaged DNA. This study examined the effects on p53 protein levels of several different categories of chemical carcinogens. N-Methyl-NЈ-nitro-nitrosoguanidine and N-ethyl-N-nitrosourea, two direct-acting genotoxic (DNA-reactive) carcinogens, caused p53 induction as early as 2 h following treatment, with peak increases within 4-12 h. Aflatoxin B 1 and 2-acetylaminofluorene, indirect-acting genotoxic carcinogens, caused a later induction of p53, with the peak increase appearing between 16 and 24 h following treatment. These observations demonstrate a correlation between p53 induction pattern and DNA damaging mechanism of genotoxins. Phenol, diethylstilbestrol and ethylacrylate also induced increases in cellular p53. The half-life of p53 protein was increased in cells treated with genotoxic agents. On the other hand, the epigenetic (non-DNA-reactive) carcinogens azathioprine and saccharin, as well as two substances generally considered to be non-carcinogens, dimethylsulfoxide and benzethonium chloride, had no effect on p53 protein levels of treated cells. Measurement of the cytotoxic effects of each of these chemicals led to the conclusion that p53 protein induction is not a general, non-specific consequence of the cytotoxic effect of these genotoxins. These results suggest that measurement of p53 protein induction may be an effective tool to identify environmental genotoxins.
Introduction
It has long been known that exposure to certain chemicals is associated with the development of specific human cancers. Examples include the associations between amine dyes and bladder cancer, benzene and leukemia, vinyl chloride and hepatic cancer and cigarette smoking and lung cancer (1) . Some naturally occurring mycotoxins, such as aflatoxins, ochratoxin A and stergmatocystin, are also found to be associated with an increased incidence of human cancer (2) . Such chemicals are defined as carcinogens and, based on their chemical and biological properties, they are divided into two major categories: genotoxic (DNA-reactive) and epigenetic (non-genotoxic or non-DNA-reactive) carcinogens (1, 3) .
Genotoxic agents are those chemicals which can produce alterations in the genetic material of the host and they can be further subdivided into direct-acting genotoxins and indirect-acting genotoxins. Direct-acting agents are intrinsically reactive and do not require metabolic activation by cellular enzymes to interact with DNA. N-Ethyl-N-nitrosourea (ENU*), N-methyl-N-nitro-N-nitrosoguanidine (MNNG), methyl methanesulfonate and the nitrogen and sulfur mustards are in this category (3) . Indirect-acting agents, on the other hand, require metabolic activation by cellular enzymes to form the DNA-reactive metabolite. Examples include aflatoxin B 1 (AFB 1 ), aflatoxin B 2 (AFB 2 ), benzo[a]pyrene, 2-acetylaminofluorene (AAF) and benzidine. The enzymes responsible for activation are usually members of the cytochrome P450 family (3) . Radiation and inorganic agents such as arsenic, chromium and nickel are also considered genotoxic agents (1) .
The second category, epigenetic carcinogens, consists of those substances which promote cancer in ways other than direct DNA damage. They include promoters, hormone modifying agents, peroxisome proliferators, cytotoxic agents and immunosuppressors. These compounds do not change the primary sequence of DNA but alter the expression or repression of certain genes and cellular events related to proliferation and differentiation. Organochlorine pesticides, saccharin, estrogen, cyclosporin A and azathioprine are examples of this class (1, 3) . However, it should be noted that the division between genotoxic and epigenetic carcinogens is not absolute. Genotoxic agents or their metabolites may also have epigenetic effects and epigenetic agents can be indirectly genotoxic. Therefore, the classification of a specific chemical is dependent upon which effect is considered to be the major effect of the chemical and which effect is secondary (1, 3) .
Because society has made human health and safety an important consideration, considerable resources have been and are being expended in efforts to identify and classify human carcinogens. Unfortunately, methods currently used, such as the Ames test (4) and in vivo animal testing, suffer from several shortcomings, including a limited predictivity. In the Ames test one must estimate human effects from effects seen in bacteria and in the animal models high costs, long testing periods and rodent-to-human extrapolation are required. Other methods have also been used, however, their predictivity is also quite limited.
One report by Tennant et al. (5) determined the ability of test results from four in vitro assays (mutagenesis in Salmonella, mutagenesis in mouse lymphoma cells, chromosome aberrations and sister chromatid exchanges in Chinese hamster ovary cells) to predict carcinogenicity in rodents of selected chemicals. The authors found that the carcinogenicity results and the results from each individual in vitro test had a concordance of~60% and that no combination of these tests could improve substantially on the performance of the Salmonella mutagenicity assay. A number of additional reports confirmed this lack of predictivity (6) (7) (8) .
More recently a set of 44 chemicals being tested by the National Toxicology Program was defined and groups were invited to publish predictions of carcinogenicity. Eight groups did so, with mixed results (9) . For 14 of the chemicals there was overall agreement among the predictions and the results of a 2 year bioassay. For 15 chemicals the results of the bioassay were poorly correlated with many of the predictive methods. Predictions have also been published for another group of 30 chemicals (10, 11) .
While there is an increasing interest in replacing animal bioassays with some combination of in vitro testing procedures (12, 13) , thus far the available alternatives leave something to be desired in terms of predictivity. Hence, a more accurate and cost-effective alternative is desirable. Recently there has been increasing interest in the use of approaches based on gene induction to identify carcinogens (see for example ref. 14) . Some sort of analysis based on p53 expression would seem to be a promising candidate for a low cost predictive assay of genotoxic damage.
The tumor suppressor protein p53 has been the focus of much interest in recent years and has been carefully characterized (reviewed in [15] [16] [17] [18] [19] . It is the most commonly mutated gene reported in human tumors (20) (21) (22) and the status of the p53 gene can serve as a prognostic indicator in human malignancies (23, 24) , at least for breast cancer (25) and squamous cell carcinoma of the head and neck (26) . Previous work has shown that p53 is a DNA binding protein which can act both as a positive and negative modulator of transcription. Binding of p53 to its cognate response element can activate expression of target genes, several of which are involved in cell cycle regulation. These include p21 CIP1/WAF1 (27) , cyclin G (28) and human proliferating cell nuclear antigen (29) . p53 also activates its negative modulator, MDM2 (30, 31) , the mouse muscle creatine kinase gene (32) , GADD45 (involved in DNA repair) (33, 34) and Bax (important in cell death) (35) (36) (37) . p53 can also repress transcription by a direct interaction with other transcriptional factors, such as the TATA box binding protein (38, 39) , CCAAT binding factor (40) and Sp1 (41) .
The role for p53 in cell cycle control has also been well studied. One important cellular response to genotoxic stress is an increase in p53 protein levels (42) (43) (44) (45) (46) (47) (48) . This protein then functions as a transcriptional modulator to activate or repress specific gene expression. One possible outcome is G 1 /S arrest, which allows repair of damaged DNA before replication, while a second possible outcome is apoptosis (programed cell death). In either case replication of damaged DNA is prevented. In an effort to determine which type of DNA damage is responsible for the increase in p53 protein levels Nelson and Kastan (45) analyzed a diverse collection of different DNA damaging agents and found that DNA strand breaks may be the critical signal to trigger p53 induction. p53 then acts on several downstream genes. The p21 WAF1/CIP1 gene product contributes to growth arrest; it functions as an inhibitor of several cyclin-dependent kinases whose activity is required for a cell to enter S phase (27, 49, 50) . Gadd45 is important in DNA repair (34) and bax functions in the apoptotic pathway (35) (36) (37) .
Since the majority of human carcinogens are genotoxins (1, 3) , it seemed likely that cells would respond to such 1118 substances by increasing their p53 protein levels. Such an increase could thus be useful as an indicator of DNA damage. Some genotoxic agents have been tested for their effects on cellular p53 levels. However, this work has generally been done with agents used clinically, such as those used in cancer therapy (e.g. mitomycin C, cyclophosphamide, cisplatin and etoposide) and UV, ionizing and α-radiation, rather than with chemicals which might be found in the environment (see for example 42, 47) . Hence, the role of p53 in responding to such environmentally relevant agents has not been demonstrated. Furthermore, reported results have not always been consistent. For example, Fritsche et al. (42) found that mitomycin C could induce p53 in NCTC 929 cells while in the experiments conducted by Nelson and Kastan (45) no significant p53 induction was discernible in LNCaP cells at early time points after treatment with mitomycin C.
To test the utility of p53 induction in cultured cells as an indicator of genotoxic damage we chose NCTC 929 cells as our model system and assessed the effects on p53 levels of several environmentally relevant chemicals. NCTC 929 cells were treated with four categories of chemicals: direct-acting genotoxins, indirect-acting genotoxins, epigenetic carcinogens and non-carcinogens. The time-and dose-dependent effects of the chemicals on cellular p53 protein levels and on cytotoxicity were analyzed and a close correlation between the DNA damaging mechanism and p53 induction pattern is reported here. In addition, there was no clear correlation between p53 induction and the cytotoxic effects of genotoxins.
Materials and methods
Cell lines and culture NCTC 929 mouse fibroblast cells were cultivated in minimum essential medium (Gibco/Life Sciences, Gaithersburg, MD) supplemented with 10% fetal bovine serum (FBS) (Gibco). SVHTI cells are SV40 T antigentransformed mouse fibroblasts (generously provided by Linda R.Gooding, Emory University School of Medicine, Atlanta, GA) which were cultivated in Dulbecco's modified Eagle's medium (DMEM) (Gibco/Life Sciences), supplemented with 10% FBS. Because the T antigen stabilizes p53 (51), lysates of these cells were used as a positive control for p53 in Western blot analysis. Pab122 hybridoma cells (ATCC), which produce anti-p53, were propagated in DMEM with 10% FBS.
Genotoxin treatment MNNG (70-25-7) and ethylacrylate (140-88-5) were obtained from Aldrich Chemical Co., dimethylsulfoxide (DMSO) (67-68-5) was acquired from J.T.Baker Inc. and AFB 1 (1162-65-8), AAF (53-96-3), ENU (759-73-9), azathioprine (446-86-6), benzethonium chloride (121-54-0), saccharin (128-44-9), phenol (108-95-2) and diethylstilbestrol (DES) (56-53-1) were all obtained from Sigma Chemical Co. All chemicals were dissolved in DMSO and added directly to NCTC 929 cell culture plates. DMSO alone did not induce p53 (see Results). For time-response experiments cells were exposed to a given dose of the agent, then plates were harvested at various time points for immunoblot analysis. For dose-response experiments cells were exposed to different concentrations of the chemical and harvested at 6-7 and/ or 16-18 h following treatment.
Immunoblot analysis of p53 protein levels
After exposure to different concentrations of chemicals or for different times cells were removed from the plates by trypsin treatment (0.25 mg/ml) and pelleted by centrifugation at 1000 r.p.m. for 10 min. The cell pellet was then treated with lysis buffer (20 mM Tris, 150 mM NaCl, 1% NP-40, pH 8.0, 1% aproteinin) for 20 min on ice and membrane fragments were removed by centrifugation at 14 000 r.p.m. for 15 min. The protein concentration of the cleared lysate was determined by the bicinchoninic acid assay (Pierce). Equivalent amounts of cell extract (by protein concentrations) were electrophoresed on a SDS-12% polyacrylamide gel and then transferred to a nitrocellulose membrane (Micron Separations Inc.) using a semi-dry transfer cell (BioRad). p53 protein was detected by Western blot using the mixture of anti-p53 antibodies pAb 122 (purified from hybridoma culture media on protein A-Sepharose; Pharmacia) and Ab-3 (Oncogene Science) (at a ratio of 10:1) and visualized with the chemiluminescent horseradish peroxidase system (Kirkegaard & Perry Laboratories Inc.). The absorbance of the bands was measured by densitometry (PDI).
p53 ELISA
The capture antibody, pAb 122, was added to the wells of a 96-well immunoassay plate [4.0 µg/ml diluted in coating buffer (0.1 M NaHCO 3 , pH 8.2), 50 µl/well] and allowed to adhere overnight at 4°C. The plate was then washed twice in phosphate-buffered saline (PBS)/Tween (PBS plus 0.05% Tween-20) and 200 µl of a blocking solution (PBS plus 10% newborn calf serum, PBS 10) was added and allowed to incubate for 2 h at room temperature. The p53-glutathione S-transferase fusion protein obtained from Santa Cruz Biotechnology Inc. was used as the standard and solutions of 10.0, 5.0, 2.0, 1.0 and 0.5 ng/ml p53 diluted in PBS 10 were prepared. Samples were prepared by adding 35 µl cell lysate to 315 µl PBS 10. After blocking the plates were washed twice in PBS/Tween and the standards and samples were added at 100 µl/well. Each data point was measured in triplicate. The plates were then incubated overnight at 4°C and washed four times in PBS/Tween. Aliquots of 100 µl secondary antibody (polyclonal biotinylated anti-p53 at a concentration of 4 µg/ml diluted in PBS 10; Boehringer Mannheim) were added to each well and allowed to adhere for 45 min at room temperature. The plates were washed six times in PBS/Tween, then avidin-peroxidase (2.5 µg/ml in PBS 10; Sigma) was added (100 µl/well) and allowed to incubate at room temperature for 30 min. The plates were washed eight times in PBS/Tween, then 100 µl substrate were added to each well [150 mg 2,2Ј-azino-di-(3-ethylbenzthiazolin sulfonate) (ABTS) dissolved in 500 ml 0.1 M citric acid, pH 4.35, and stored in 11 ml aliquots at -20°C, 1 µl 30% H 2 O 2 /ml substrate solution added just before use] and allowed to incubate at room temperature for 30 min. The absorbance at 405 nm was then read using a BioRad 3550-UV microplate reader and the results analyzed using the MicroPlate Manager software supplied with the plate reader.
Cytotoxicity measurement
For each experiment cells were examined microscopically for morphological evidence of cell death. Cell death was also measured by ELISA. This assay was performed using a commercially available kit (Boehringer Mannheim) according to the manufacturer's directions. Lysates prepared as described above were added to wells to which the anti-histone antibody was fixed adsorptively. Nucleosomes in the sample bound via their histone components to the immobilized anti-histone antibody. Anti-DNA peroxidase, which binds to the DNA portion of the nucleosomes, was then added. The amount of bound peroxidase was determined photometrically by measuring absorbance at 405 nm following addition of ABTS as substrate.
Immunoprecipitation Cells (1ϫ10 6 per plate) were incubated in methionine-free RPMI 1640 (Gibco) with 5% dialyzed FBS for 1 h before labeling with 100 µCi/ml [ 35 S]methionine (SJ.204; Amersham) for 1 h. After labeling cells were either harvested immediately or washed and treated with unlabeled medium. At defined times thereafter cells were lysed in PBS/TDS (50 mM Na 2 HPO 4 , 17 mM NaH 2 PO 4 , 68 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, pH 7.4) and equal amounts of cell lysate were immunoprecipitated with Ab-1 (Oncogene Sciences) bound to protein A-agarose (Oncogene Sciences), using the procedure recommended by the manufacturer. Immunoprecipitated proteins were separated by SDS-PAGE (15%) and the gel was then dried and autoradiographed.
Results

Direct-acting genotoxins rapidly increase p53 levels in a timeand dose-dependent manner
In previous studies induction of cellular p53 protein was detected at a selected time, either 2-3 h (for example ref. 45) or 16 h (42) after exposure to DNA damaging agents and after exposure to a given dose of that agent. To obtain a more complete picture of the effects of direct-acting environmentally relevant genotoxins on cellular p53 levels the time-and doseresponse characteristics of NCTC 929 cells to two well-known direct-acting genotoxins, MNNG and ENU, were studied. Both chemicals are used broadly in different bioassays for mutagenesis and carcinogenesis (for example [52] [53] [54] [55] . Western blotting and ELISA analyses allowed us to measure the relative 1119 levels of p53 in each sample. Concentrations ranging from 1 to 100 µg/ml were applied and cells were exposed to the chemicals for 6 h. For MNNG p53 induction was apparent at 1 µg/ml and was strongest at 10 µg/ml. For ENU induction was apparent between doses of 20 and 100 µg/ml, with 40 µg/ml yielding maximal induction (data not shown). At a concentration which can induce p53 (10 µg/ml MNNG and 40 µg/ml ENU) the time course measured by both Western blot and ELISA (Figure 1) showed that both direct-acting genotoxins clearly elevated p53 protein levels within 2 h following treatment, that induction reached a peak around 4-12 h and that p53 levels then decreased. Figure 1C shows cytotoxicity data for MNNG and ENU. MNNG induced significant cell death at 6 h, at which point induction of p53 was also significant. However, cell death became more significant with time, while the p53 protein level diminished. For ENU cell death became significant at~16 h, at which point the p53 level had already begun to drop. This indicates that the genotoxins affect levels of p53 protein and cytotoxicity differently.
Indirect-acting genotoxins induce p53 at later times
Similarly, the time-and dose-response characteristics of cells exposed to indirect-acting genotoxins were studied. AFB 1 is produced by Aspergillus flavis and can be found in such food products as nuts, oil seeds and grains. It is highly mutagenic after biological transformation (2, 3, 56, 57) . AAF is used as a positive control by toxicologists to study the carcinogenicity and mutagenicity of aromatic amines (58) . After exposure to different doses of AAF or AFB 1 for 16 h cells were harvested and the p53 protein levels measured. At low concentrations (1 and 5 µg/ml) AFB 1 did not affect p53 levels, while between 10 and 100 µg/ml p53 induction was apparent. A dose of 20 µg/ml AFB 1 yielded maximal induction, with induction decreasing at concentrations Ͼ20 µg/ml. A similar doseresponse effect was observed in AAF-treated cells, with induction detectable at 20 and 40 µg/ml yielding maximal induction (data not shown). Thus the dose-response characteristics are similar to those seen with the direct-acting genotoxins. However, the two groups differed noticeably in the kinetics of p53 induction. For both AAF and AFB 1 peak induction appeared after 16 h treatment, as measured by Western blot and p53 ELISA (Figure 2A and 2B) . In contrast, cells treated with the direct-acting genotoxins MNNG and ENU had peak p53 levels much earlier. This difference reflects the different DNA damaging mechanisms of the two groups. Similar results were obtained using AFB 2 and benzidine, two other indirectacting genotoxins (data not shown). Figure 2C shows cytotoxicity data for AAF and AFB 1 . AAF produced detectable cell death beginning~12 h after treatment. However, AFB 1 , which strongly induced p53 at 10 µg/ml, did not induce significant cell death compared with the control at any of the time points measured. This indicates that p53 can indeed be induced in the absence of significant cytolysis.
Epigenetic carcinogens do not affect cellular p53 protein levels
Since the signal for p53 induction is considered to be damage of DNA, epigenetic carcinogens and non-carcinogens are not expected to influence cellular p53 levels. Patients treated with azathioprine, an immunosuppressor, sometimes develop cancers such as leukemias (59) (60) (61) . Saccharin has also been related to an increased incidence of bladder cancer in rats; the mechanism is thought to be ionic and pH imbalances due to the huge doses of sodium saccharide administered (62) . The effects on p53 levels of these two epigenetic carcinogens were evaluated at peak induction times for both direct-acting and indirect-acting genotoxins (6 and 16 h respectively). At all concentrations tested (1-100 µg/ml) neither caused a detectable increase in p53 levels at either time. A complete time course (0-24 h) for each chemical also gave negative results by both Western blot and ELISA analysis (data not shown). Even higher concentrations of saccharin (up to 20 mg/ml) did not increase p53 levels detectably (data not shown).
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Azathioprine was relatively non-cytotoxic to cells at most times and doses tested. However, in cells treated with the highest dose (100 µg/ml) for the longest time (16 h) ( Figure  3A ) some cytotoxicity was observed. Saccharin was relatively non-cytotoxic to cells at most of the doses and times tested (up to and including 1 mg/ml), however, at a dose of 20 mg/ ml significant cytotoxicity was observed. The fact that p53 induction was not observed in cells undergoing this process indicates that p53 induction is not a non-specific response to generalized cellular cytotoxicity. 
Non-genotoxic non-carcinogens do not affect cellular p53 protein levels
The same set of experiments were done with benzethonium chloride, used in cosmetics for its antimicrobial and cationic surfactant properties and reported to be a non-genotoxic noncarcinogen (63) , and with DMSO, the solvent used in our experiments. For benzethonium chloride some cytotoxicity was observed as early as 2 h and at doses as low as 1 µg/ml ( Figure 3B ). However, under these conditions as well as at higher doses and longer times (up to 100 µg/ml and 16 h) no p53 accumulation was observed. In the case of DMSO no p53 induction and no cytotoxicity was observed for any of the doses (1-100 µg/ml) or times (up to 24 h) tested.
In conclusion, those chemicals which do not cause DNA damage do not cause increases in p53 protein levels and this lack of induction is apparent both in the presence and absence of cellular cytotoxicity.
Phenol, DES and ethylacrylate cause increases in cellular p53 levels
Phenol has been reported in the literature both to possess and to lack weak genotoxic activity, depending on the system studied and the assay used (see for example [64] [65] [66] . Likewise, both positive and negative results have been found when DES was tested for genotoxicity (67) (68) (69) , and references therein). A possible explanation for these discrepant results may be that while DES metabolites can form DNA adducts, the adducts are unstable and are removed or repaired quickly (biological half-life of~14 h) (70, 71) . Likewise, the genotoxicity data for ethylacrylate is somewhat equivocal and contradictory (72) (73) (74) (75) , and references therein). Our results (Figure 4) show that each of these substances can increase cellular levels of p53 by 16 h. Phenol induced cytotoxicity at high doses (Ͼ150 µg/ml), DES induced cytotoxicity at doses Ͼ20 µg/ml, while EA induced lower levels of cytotoxicity ( Figure 4D ). This p53-based method of screening substances for carcinogenicity, therefore, has the potential to detect even transitory DNA damage and may be capable of identifying DNA damaging agents which could escape existing screens.
The half-life of p53 protein is increased in genotoxin-treated cells
The level of p53 is thought to be regulated mainly by posttranslational modification, although some control may be exerted at the transcriptional level (76) . Previous work, for example, has shown that an increase in p53 protein levels occurred following treatment with DNA damaging agents without a corresponding change in the p53 mRNA level (42, 77) . Here we used conventional [ 35 S]methionine pulsechase labeling to determine the half-life of p53 protein in both untreated and genotoxin-treated cells. MNNG (10 µg/ml) was added to the cells at the same time as the radioactive label. In untreated cells the labeled p53 protein was nearly gone 4 h after initial labeling (t 1/2~3 h). However, in MNNG-treated cells the labeled p53 protein was still present after 16 h (t 1/2 9 h) ( Figure 5 ). This indicates that environmental genotoxins can stabilize p53. However, the mechanism responsible for the increased half-life is still unknown.
Discussion
In this study we observed changes in cellular p53 protein levels resulting from treatment of mouse fibroblast NCTC 929 cells with several environmentally relevant chemicals. The results demonstrated that an assay designed to measure p53 levels has the potential to discriminate between genotoxins and non-genotoxins, as both direct-acting and indirect-acting genotoxins increased cellular p53 levels, while non-carcinogens and epigenetic carcinogens did not. Furthermore, the results of cytotoxicity assays for these chemicals revealed that induction of p53 protein is not a general consequence of the cytotoxic effects of genotoxins. This is in agreement with and extends previous work showing that genotoxic stress causes p53 induction (42) (43) (44) (45) (46) (47) (48) . In particular, we have newly shown that this assay can identify genotoxic agents found in the environment, that it may be able to identify and distinguish between direct and indirect agents and that it can detect transient DNA damage. For each genotoxin tested we were able to define an effective dose range. Some of the genotoxins appear to be cytotoxic, especially at the higher doses. This may partially explain the lower levels of p53 observed at these doses.
We also observed that direct-acting genotoxins increased cellular p53 levels rapidly, while the indirect-acting ones did so only after a lag of several hours. Because DNA damage caused by indirect-acting genotoxins is dependent on metabolic 1122 activation, in which the chemicals are metabolized to DNAactive intermediates, this longer time period is anticipated. Different chemicals are often converted by different P450 isozymes, thus the characteristics of a specific set of enzymes, such as substrate affinity and conversion efficiency, may be determining factors for the length of this time lag.
A close correlation therefore appears between the DNA p53 induction as an indicator of genotoxic damage damaging mechanism and the p53 induction pattern of a given chemical. This could explain some discrepancies noted in previous studies: looking for p53 induction by a direct-acting agent at a later time or by an indirect-acting agent at an earlier time would give false negative results. We tested three chemicals for which the literature had given inconclusive results regarding their genotoxic potential: phenol, DES and ethylacrylate. In each case our assay was capable of detecting p53 increases, indicative of DNA damage. Therefore, this p53-based assay is capable of identifying DNA damaging agents which might be missed by other methods. In particular, we were able to measure a response following treatment with DES, which produces only transitory genotoxic damage. Bacteria-and rodent-based assays, which measure a heritable change in the genome leading to a phenotypic change, are dependent on the DNA damage remaining through at least one cycle of replication. In contrast, the phenomenon measured with this method (increases in cellular p53) is observable even if the damage is repaired quickly, before DNA replication occurs.
We found NCTC 929 cells to be a useful model for these studies. We chose to use this cell line because previous reports have shown that its level of p53 can be increased by treatment with genotoxic agents (42) and because we found that an antibody specific for wild-type protein (Ab-1; Oncogene Science) can immunoprecipitate p53 from these cell lysates (data not shown). p53 levels increase in treated NCTC 929 cells in a reproducible and predictable manner and these cells appear to be able to perform the metabolism necessary to transform the tested indirect genotoxins into DNA damaging agents. It is likely that other cells (such as those from hepatocyte-derived lines) will possess a higher metabolic capability and be able to metabolize indirect-acting genotoxins more quickly, thus decreasing the observed difference between direct-and indirect-acting genotoxins with respect to induction time. If one wishes to use this assay to distinguish between direct-and indirect-acting substances, therefore, it may be helpful to use a cell line with a more moderate metabolic capacity, such as NCTC 929.
As this system is further developed it will be desirable to characterize other cell lines, including those from humans, for their behavior in this assay. It is likely that other cells may display different characteristics, which may reflect the vulnerability of the source to genotoxic damage. For example, cells with a different complement of P450 isozymes may deal with indirect genotoxins such that the kinetics or type of DNA damage differ from that seen in the NCTC 929 system. It should be noted that many, and perhaps the majority, of cells 1123 in culture have acquired p53 mutations and may not be suitable models for this system. Hence, the selection of an appropriate cell model (or models) is not trivial and must take into consideration numerous factors, including species differences, organ specificities and individual variations, as well as cellular function.
Using both the Western blot and ELISA procedures we found that the patterns reported here with respect to the presence or absence of p53 induction and the time at which that induction occurred were very reproducible. The strength of the Western blot protocol is that one can specifically observe an increase in p53 even if cross-reactive proteins are present in the cell lysate; one can be certain that the changes being measured occur in a protein with a molecular weight of 53 kDa. However, the exact magnitude of the baseline level of p53 and of induction as measured by densitometry was somewhat more variable from blot to blot, making the Western blot analysis more useful as a qualitative rather than a quantitative measurement of p53 induction. The strengths of the ELISA method are that it is more cost-and time-effective and yields more easily quantifiable measurements. This will be important if the p53-based approach is to be used for widespread screening.
The half-life of p53 has been measured under a number of conditions. During normal metabolism p53 has a half-life of 20-40 min in most cells tested (78, 79 ) and 3 h in human mammary epithelial cells (80) . Consistent with previous reports, we also show that DNA damage caused an increase in p53 half-life.
Cancer is a major threat to human life and chemical carcinogens are responsible for a portion of the occurrence of the disease. One preventive approach is to identify agents that cause or are likely to cause cancer in humans and to minimize exposure, thereby reducing the risk of cancer. Many methods have been developed to screen for carcinogenic substances. Among them, the Ames test (4) and the rodent bioassay, also known as 'the gold standard' (1), are the most widely used. However, there are some important limitations to these methods. In the Ames test a special strain of Salmonella is used and the applicability of results in this system to humans or rodents is therefore limited. Hundreds of rodents are required for the rodent bioassay, the cost is so high and the duration so long (2 years) that the number of chemicals that can be assayed each year is limited. Furthermore, in order to obtain statistically meaningful results high toxic doses are often used in the rodent bioassay. Because of this toxicity, cell proliferation is induced and some substances will generate false positive results. There is, therefore, a continuing need to develop new methods which can more accurately, quickly and efficiently identify carcinogens.
As the role of p53 in cell cycle control and tumor prevention has become more clear, some researchers have tried to incorporate this information into such testing protocols. Using a p53 ϩ/-transgenic mouse model Tennant et al. (81) found that genotoxic carcinogens can be identified with increased sensitivity and specificity and within a time frame of only 6 months, rather than 2 years.
The assay described here would fit broadly into the category of assays that measure changes in gene or protein expression in an effort to identify carcinogens, although it should be noted that the increase in p53 appears to be based primarily on an increase in stability rather than on increased transcription. p53 may be a particularly good protein to measure, as the available evidence indicates that it is directly involved in the chain of biochemical events that follows genotoxic damage, rather than having its levels regulated by events secondary to the actual damage.
In this report we show that cellular p53 responses, as detected in a tissue culture system, can discriminate between genotoxins and non-genotoxins. Compared with the Ames and rodent bioassays the advantages of this method are significant. First, we are using mammalian cells, so it is expected to be a more accurate reflection of what occurs in humans. In fact, it should be possible to use human cells from various tissues directly; this may be helpful in identifying and explaining differences between species and between tissues regarding their sensitivity to particular genotoxins. Secondly, no live animals are used and therefore the cost should be much less than that required for the rodent bioassay. Also, we will be able to test lower less toxic doses. Finally, results are available in a matter of days, rather than years.
With our assay it should also be possible to obtain information which is either unavailable or more difficult and costly to achieve using rodent bioassays. For example, this method may identify a substance as either a direct or an indirect genotoxin. Also, the cost differential makes it possible to test many more substances, as well as more doses of each substance, than is currently feasible. It should now also be practical to test mixtures of substances in various formulations and look for interactions, such as synergy and antagonism.
Some limitations exist with this method. One is that it is not expected to identify non-genotoxic carcinogens (epigenetic carcinogens). However, because most human carcinogens are genotoxins, this test should identify the vast majority of human carcinogens.
Ultimately, the usefulness of this method will depend on how well p53 induction can predict carcinogenicity. Chemical carcinogenesis is, of course, a complex process that involves many factors, including metabolic activation, detoxification and DNA damage and repair. To adequately address the issue of accuracy and the frequency of false positives and negatives in this assay it will be necessary to test a large number of chemicals using this method and to compare the results with both those obtained from in vivo testing and from the alternative in vitro procedures, such as mutagenesis in Salmonella and in mouse lymphoma cells, chromosome aberrations and sister chromatid exchange. This type of data will allow an assessment of the usefulness of this assay as compared with currently available alternatives.
